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INVESTIGATION OF THE HEAT TRANSFER TO THE
HL-10 MANNED LIFTING ENTRY VEHICLE
AT A MACH NUMBER OF 8

By James C. Dunavant and Philip E. Everhart
Tangley Research Center

SUMMARY

An experimental investigation of a reentry configuration having a hyper-
sonic lift-drag ratio of about 1.0 has been conducted to determine the aerody-
namic heating characteristics over the range of angle of attack from 20° to 60°
which includes maximum lift-drag ratio and maximum 1ift coefficient. Measure-
ments of heat transfer are compared with theoretical heating rates for swept
infinite cylinders of arbitrary cross section. Along the curved lower-surface
center line measured heat transfer and theory agree. Isolated cylinder theory
predicted heating on the leading edge that was from 20 percent to 50 percent
greater than the measured heating. The discrepancy is largest when the calcu-
lated stagnation point is closest to the tangency point of the leading edge and
bottom surface. Deflecting the trailing-edge elevons downward 30° in some
cases produced heating rates on the elevons as high as at the nose stagnation
point.

INTRODUCTION

Studies of reentry at circular and supercircular velocities have shown the
advantages of lifting reentry to achieve low meximum deceleration, lateral
ranging capability, and low heating rates at the expense of higher heat loads.
These studies have encompassed the range of hypersonic lift-drag ratio from
about 0.5 to 2.0. One such study (ref. 1) has indicated that a vehicle having
a hypersonic lift-drag ratio of about 1 should be considered to satisfy the
possible requirements of a future reentry vehicle. Therefore, a study of the
problems and the probable solutions associated with such an entry vehicle was
undertaken at Langley Research Center. PFrom this study has evolved the
vehicle designated HL-10.

The concepts that led to the shape of the vehicle and some of the hyper-
sonic aerodynamic characteristics of an early version of the HL-10 are pre-
sented in reference 2. Aerodynamic investigations of finned configurations are
reported in references 3 and L.

*Pitle, Unclassified.
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To obtain detailed heat-transfer distributions around the HL-10, an
experimental investigation of the laminar heating characteristics was under-
taken and the results are described herein. A calorimeter model of the HL-10
(with center dorsal fin E and tip fins D as defined in ref. 4) was tested in
the Langley Mach 8 variable density tunnel at Reynolds numbers (based on model

root chord) of 0.24 x 106 to 2.70 X 106. The tests were made at angles of
att%ck from 20° to 60° and with elevons at deflection angles of 0°, 30°, and
-60°.

The complicated shape of the HL-10 largely prevents application of heat-
transfer theories for simple shapes to the calculation of heating rates to the
HL.-10. However, the data have been compared with a theory for infinite cylin-
ders of arbitrary cross section in order to determine the ability of such a
theory to predict the level and distribution of heating to a blended wing-body
combination.

SYMBOLS
c chord
Cw specific heat of wall material
Dp nose diameter
h heat-transfer coefficient
hO calculated stagnation-point heat-transfer coefficient on sphere of
nose radius
K thermal conductivity
m weight of skin per unit heated surface area
M Mach number
NPr Prandtl number
P pressure
r radius
Re free-stream Reynolds number based on a root chord of 8 inches
s surface distance from plane of symmetry
t time
2 Ry
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T absolute temperature

u veloclity

X,¥,2 model coordinates (see fig. 1)

a angle of attack (see fig. 1)

Be elevon deflection angle in plane normal to hinge line, positive with

trailing edge down

K dynamic viscosity

P density

Subscripts:

e elevon

t total

2 condition behind normal shock

w wall

aw adiabatic wall

0 free stream

o] static conditions Jjust behind normal shock at free-stream Mach number

APPARATUS AND TESTS

Models

HL-10 configuration.- A drawing of the HL-10 configuration used for the
heat-transfer model 8 inches long is shown in figure 1. The configuration
tested is the version reported in reference 2 with a vertical fin (fin E of
ref. 4) added at the center on top to provide directional stability and control
at subsonic speeds and with canted tip fins (fin D of ref. 4) added to provide
directional stability primarily at supersonic and hypersonic speeds. A table
of body coordinates (the shape less tip fins and center fin) for the HL-10
heat-transfer model tested is given in table T.

The lower surface of the configuration is essentially a blunt-leading-edge
delta wing with negative camber. The nose radius of the HL-10 is equal to the
cylindrical leading-edge radius, although the leading edge is of constant
radius for only about 90° of arc beginning on the lower surface. This leading-
edge radius is faired into curves of larger radius which form the shape of
upper surface. The lower surface is flat in the spanwise direction and has

E_J
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curvature only in the chordwise direction. The leading-edge radius of the tip
fins is only one-third that of the nose and wing leading edge.

Model construction.- The thin-skin, calorimeter, heat-transfer model was
made of l/52-inch-thick inconel sheet formed over a mandrel in two halves, then
welded together. Two photographs of the finished model are shown in figure 2.
Both skin sections were attached with screws to the internal structure only at
the edges of the cutout and around the elevons. The tip and center fin sur-
faces were separately formed and welded to the main portion of the body. Sep-
arate elevons were bent for the three elevon angles, 0°, 30°, and -60°, and
were attached to the internal structure only at the forward edge of the elevon.
Upper and lower surfaces of the elevon at 0° were made in one piece but the
elevons deflected 30° and -60° were split along a horizontal line at the center
of the trailing edge of the elevon. Both upper and lower elevon surfaces were
bent along their respective hinge lines to the desired deflection angle. The
attachment of the upper surface cutout and the elevons can be seen in the
photographs of the model in figure 2. All screw heads and small gaps at skin
butt joints were filled in and carefully dressed off before the model was
tested.

The mounting sting which was attached to the internal structure entered
the model on the top near the rear and at an angle of 30° to the center line of
the model (position of the sting is shown in figs. 1, 2, and 3). Strong inter-
ference effects on the flow over the upper surface in the vicinity of the ele-
vons and center fin were produced. However, in view of the fact that the flow
over the top surface is probably separated at these test angles of attack (20°
to 60°) and the heat transfer is very low, it was decided to sacrifice the
accuracy of the data in this area to obtain interference-free data on the lower
surface.

A second model of fiber glass and resin was constructed of the HL-10 con-
figuration with 30° elevon settings. This model was coated with a temperature-
sensitive paint and tested at one tunnel condition. The color of the paint
changed with temperature and, hence, for short exposure to the stream indicates
approximately the relative degree of heating to the various parts of the model.

Model instrumentation.- The skin surface of the heat-transfer model was
instrumented to measure heating rates by spot-welding No. 30 iron-constantan
thermocouples to the inner surface at the locations shown in figure 3 and
listed in table II. The thermocouples are largely laid out on the center line
of the model and along five spanwise stations at x/c equal to 0.125, 0.250,
0.500, 0.750, and about 0.950. Skin thickness was measured at each thermo-
couple station and used in the data reduction. The thermocouple leads are con-
tained in the sting except for the leads to the instrumented elevons which were
taped to the outside of the sting.

Tests and Data Reduction
The model was tested in the Langley Mach 8 variable-density tunnel. Calil-

bration data for the nozzle of this tunnel are given in reference 5. The stag-
nation conditions for the tests were pressures of approximately 65, 250, and
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1000 1b/sq in. abs and temperatures of about 800°, 900°, and 1000° F, respec-
tively. The resulting test-section Mach numbers for these conditions are 7.59,

7.83, and 7.95, respectively, and the Reynolds numbers per foot are 0.35 X 106,
1.16 x 106, and 3.98 x 10°.

The heat-transfer data were obtained by means of a transient calorimeter
technique. Steady-flow conditions are established in the test section with the
model recessed in a chamber below the test section. The model and sting mount
are then injected into the test section and pass through the tunnel-wall bound-
ary layer in about 0.05 second.

The heat-transfer data were obtained by recording the temperature-time
history of the model on magnetic tape with a digital data recorder. This sys-
tem sampled the output.of each thermocouple at the rate of 20 times per second
and the data thus recorded were reduced to heat-transfer coefficients by the
following equation:

_ me aT
S cwn L &

The weight of the material per unit surface area was corrected for surface cur-
vature. The change in temperature with respect to time required in this equa-
tion was obtained by fitting a second degree polynominal by the method of least
squares to a group of 21 data points obtained over a period of 1 second and
differentiating this equation at the 11th PSint. The initial data point in the
group falls between 1/4 and 1/2 second after the thermocouples first indicated
an increase in the temperature of the skin. From continuous temperature-time
traces (six selected thermocouple outputs were continuously monitored), it was
determined that this period of time was sufficient to include the injection
period during which the model was in the tunnel boundary layer and the portion
of the temperature variation strongly affected by the finite conduction normal
to the surface.

The adiabatic-wall temperature required in equation (1) was a calculated
value for a laminar recovery factor and a Prandtl number of 0.7. The local
temperature was determined by assuming that the flow expanded isentropically
from the pressure behind a normal shock to the Newtonian pressure at the point

in question. In the shadow region the pressure was assumed to be free-stream
static pressure.

The heating rate was measured at 5/& to 1 second after the initial temper-
ature rise of the skin. During this period, in several of the tests, the model
surface temperature rose as much as 150° F on the nose and on the surface of the
elevon deflected downward 30°. In some areas, such as the one near the nose,
the heating rate changes rapidly with distance along the surface and builds up
large temperature gradients. The lateral surface temperature gradients that
resulted in these tests were not large on the elevon but were enough in the
region of the nose and the leading edge of the tip fins to cause significant
lateral conduction of heat. Conduction estimates calculated for the worst con-
duction conditions of the tests show that the measured heating may be less than

<R >
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the aerodynamic heating by as much as 10 percent at the stagnation point on the
nose, 15 percent on the leading edge of the tip fins, and 5 percent on the
leading edge of the body. No corrections for lateral conduction of heat have
been applied to the data.

The measured heat-transfer coefficients are presented as the ratio h/ho
where hp is the reference stagnation-point heat-transfer coefficient on a

sphere having the same radius as the nose. The values were calculated for the
particular test conditions from the following relation, which was adapted from
reference 6:

0.5
_ 0.4 [Pg au
Bo = 0.763(tpr) K"(EE d—>

The stagnation-point velocity gradient 1s obtained from the modified Newtonian
theory for the pressure distribution and is

du _ }- 2(pt,2 = poo)
r

ds Pt,2

The values of hg calculated for the nominal test conditions are shown
in the following table:

Py, T, ho,
. 2 [e) R
1b/sq in. abs OF Btu/ft2-sec-~OF c
65 800 0.0111 0.24 x 106
250 900 .0206 ST
1000 1000 .0k03 2.70

These values of hy, are from 3 to h% percent greater than that which would be

predicted by a modified form of the Fay and Riddell equation for the heat trans-
fer to the stagnation point of a blunt body in a perfect gas. (This particular
modification is given in ref. 7.) The measured and theoretical distributions

of the heating ratio h/ho shown herein are not expected to be invariant with
Mach number or directly applicable to the higher flight Mach number region.
However, the changes in distribution (exclusive of the elevons) that will occur
at the higher flight Mach numbers are probably fairly small, and the results

shown are believed to be representative of hypersonic flight for equilibrium
boundary layers.

6 L s
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To assess the predictability of the level of heating and distribution of
heating, theoretical values were calculated for various portions of the model
and are compared with the measured data at two representative angles of attack,
30° and 50°. Theory for a swept infinite cylinder of arbitrary cross section
was used by considering the model divided into spanwise strips and calculating
the heat transfer on the infinite cylinder of the same cross section as the
body and on the tangent to the body. The longitudinal component of the flow
was neglected in accordance with the sweepback principle, and streamline
divergence was not taken into account. In addition, the heat transfer to the
90° segment of a cylinder forming the leading edge was calculated as though it
were part of an isolated infinite swept cylinder.

Stagnation-Line Distributions

An expression adapted by Bertram and Everhart (eq. (10) in ref. 7) from
the Fay and Riddell relation for laminar stagnation-point heating was used to
calculate the heating along the center line of the model and the stagnation
line on the leading edge. This theory was applied to the present configuration
by using the velocity gradient as given in reference 7. Also, the difference
in shape of the model spanwise cross section at the leading edge from a circu-
lar segment was neglected.

Spanwise Distribution of Heating

Spanwise distributions of heating were calculated as the ratio of local
heat transfer to the stagnation-line heat transfer by applying the theory of
Lees (ref. 8) to the blunt two-dimensional cross-sectional shape forming the
body. 1In the case wherein the body was assumed to be divided into spanwise
strips, the calculation was performed for the region from the stagnation line
at the center of the model to the point on the edge of the cross section where
the surface is normal to the surface at the center of the cross section. This
theory is called the "cross-flow theory" and is presented as the ratio of the
local heating to the reference stagnation-point heating hg. The results
obtained, with the 90° circular segment forming the leading edge assumed to be
rart of an isolated infinite swept cylinder, are called "isolated cylinder
theory." The pressure distribution required to obtain these results from Lees
theory was taken from the data correlation and extrapolation of reference 9.
The data given in reference 9 are pressures for three-dimensional flow on disks
of varying edge radii normal to the flow. The stagnation-point velocity gradi-
ent obtained from reference 9 was subsequently revised and presented in refer-
ence 7. This revised and more accurate stagnation-point velocity gradient was
used in calculating the stagnation-line heating but it was necessary to use the
unrevised data of reference 9 for the spanwise pressure distributions.

"UNCLASS!™"™
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DISCUSSION OF RESULTS

Distribution of Heating Along Center Line

The ratio of the measured heat-transfer coefficient to the calculated
stagnation-point heat-transfer coefficient is presented in figure 4 for the
angles of attack and unit Reynolds numbers tested. The negative values of x/c
are used to represent the heating on the top center line of the model. Repre-
sentative side-view schlieren photographs taken during the tests with the unde-
flected elevons are shown in figure 5, and with the deflected elevons in fig-
ure 6. The lower surface near the nose of the HL-10 is seen to be nearly
normal to the flow at the higher test angles of attack. High pressures which
existed in this region along with the small local span of the forward portion
are the apparent causes for the high heat transfer measured in this region.

The effect of increasing the stream Reynolds number by a factor of about 10 in
the tests is to decrease the heating ratio by about 20 percent. (See

figs. 4(a) and 4(c).) The chordwise distributions of h/ho are similar at the
three Reynolds numbers except for the two rearmost ratios at the highest angle
of attack in figure U4(c). This apparent rise in the heating ratio above that
of the lower Reynolds numbers could be the beginning of transition but the data
obtained here are insufficient to allow the cause to be determined with cer-
tainty. The theoretical results for the center line compared with the data in
figure 4 show good agreement. Some of this agreement is probably fortuitous,
for the theory is used over a local angle of attack ranging from about 15° to
709, probably beyond its range of usefulness. However, from this agreement,

it appears that the principal effect that the lower-surface curvature has on
the heat transfer is a result of local angle of attack.

Spanwise Distributions of Heating

The measured spanwise distributions of heating at the five chordwise meas-
uring stations, x/c = 0.125, 0.250, 0.500, 0.750, and about 0.950 are pre-
sented in figures 7 to 11, respectively. Parts (a), (b), and (c) of each fig-
ure are for Reynolds numbers (based on the root chord) of 0.2k X 106,

0.77 x 105, and 2.70 x 100, respectively. The distributions plotted begin on
the lower center line and extend, at x/c = 0.125, all the way around to the
top center line. At x/c = 0.250, 0.500, and 0.750 the distributions extend
around the 90° arc leading-edge section and well up onto the relatively flat
"side" of the vehicle. (See the respective cross sections in fig. 3.) The
distribution at x/c = 0.950 includes the thermocouples located on the lower
elevon surface and also extends around the tip fin including in this distribu-
tion a thermocouple on the leading edge of the tip fin and one on the inner
surface of the tip fin. Generally, the small trend of decreasing h/hp with

increasing stream Reynolds number found at the center line is the same for the
spanwlise distributions when the elevon is not deflected.

The shapes of the cross sections at the various stations are formed by a

flat section (in the spanwise direction) at the center and a leading edge of
circular cross section in a plane normal to the leading edge. The leading edge

8 SN Sihingy
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is $o0 nearly circular in the plane normal to the chord that this small differ-
ence 1s disregarded. The constant leading-edge radius with the changing span
from nose to trailing edge forms dissimilar spanwise cross sections. Some
effects of these dissimilar cross sections and the varying span dimension are
evident in the measured heat transfer. At x/c = 0.125 and 0.250 (figs. 7 and
8) the heating on the center at high angles of attack is nearly as great as the
peak heating which occurs on the leading edge, whereas at a typical rearward
station, x/c = 0.750 (fig. 10), the peak heating on the leading edge is fre-
quently two to three times the heating at the center of the wing lower surface.

The cross-flow theory and the isolated cylinder theory for the a = 30°
and a = 50° conditions are compared with the measured data in figures 7 to 10.
The cross-flow theory predicts no peak in the heating at the leading edge for
the forwardmost station, x/c = 0.125 (fig. 7), and only a small peak at the
rearward station, x/c = 0.750 (fig. 10). Much higher heating rates on the
leading edge are predicted by the isolated cylinder theory for all chordwise
stations. Maximum values predicted by the two theories are nearly equal at the
forward chordwise station shown in figure 7, but at the rear station
(x/c = 0.750) the two theories differ by a factor of 3 or 4 (fig. 10). The data
tend to fall between these two estimates in both heating level and distribution.
At the forwardmost station, x/c = 0.125 in figure 7, the measured values show
a peak which is of lesser magnitude than that estimated by the isolated cylin-
der theory but more than that estimated by considering the entire cross section
to be an isolated cylinder, as was done in the cross-flow theory. At the rear-
ward station, x/c = 0.750 in figure 10, the level of heating at the center of
the model is accurately estimated by the cross-flow theory and the peak meas-
ured values on the leading edge are several times the center-line values. Fur-
thermore, the cross-flow theory distributions on the wing show only a small
increase around the leading edge. The isolated cylinder theory overestimates
the heating. These results confirm previous statements that the simplified
assunmptions made for the flow field are the cause for the differences between
the calculated and measured values shown in figures 7 to 10. In the case of
the cross-flow theory, it was assumed that the component of the flow normal to
the surface would determine the heat transfer. This assumption was seen to be
adequate for the center line; however, this same component of flow could not be
used in the region of the leading edge.

The isolated cylinder theory uses the component of flow normal to the
leading edge; however, the theory was derived for a full cylinder isolated from
other surfaces and swept at some angle to the flow. In the present study, this
theory has been applied to a leading edge, which is only approximately a 90°
segment of a cylinder, bounded on each edge by one flat and one nearly flat
surface tangent to the cylinder surface. Furthermore, in some cases, the cal-
culated stagnation line on the cylinder is located only about 6° of surface arc
from the flat lower surface. This condition, which occurred at x/c = 0.250
at o = 50° (see fig. 8) resulted in the largest difference (about 50 percent)
between the isolated cylinder theory and the data. Where the stagnation line
on the cylinder was calculated to be farther from the flat lower surface, the
agreement between the isolated cylinder theory and the data is rmuch better.
Such a condition is shown in figure 10 where x/c = 0.750 and o = 30°. Here
the calculated stagnation line on the cylindrical portion of the leading edge

R
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was located approximately 44° from the flat lower surface. For this condition
the isolated cylinder theory overestimates the data by 19 to 22 percent.

Heat Transfer to Deflected Elevons

Deflecting the elevons downward from the lower surface separates the flow
over portions of the lower surface and produces some critically high heating
rates on the elevon surfaces. The spanwise heat-transfer distribution at
x/c =~ 0.950, which includes the heating to the elevon surfaces, is shown for
the undeflected elevon in figure 11. The level of heating to the elevon sur-
face is about the same as on the center line at this station but rises consid-
erably toward the leading edge. The heat-transfer rates produced by deflecting
the elevons 30° downward are plotted against the spanwise position in figure 12
and the chordwise position in figure 13. On the elevons the heating ratios are
strongly dependent on Reynolds number; the highest heating ratios occur at the
highest Reynolds numbers and the lowest at the lowest Reynolds numbers. As
seen in figure 12(c), the heat transfer on the 30° elevon was, in some cases,
as much as 15 percent greater than the stagnation-point heat transfer. These
heating rates are the result of the separation of the flow from the lower sur-
face and reattachment on the elevon with the resultant high heating rates.

A sketch of the results (fig. 14) of the test made on the fiber-glass
model of the HL-10 coated with temperature-sensitive paint shows the distribu-
tion of heating more clearly than the calorimeter data in figure 12. This
sketch (fig. 1U4) gives results for conditions approximately equal to those of
the a = 40° test of figure 12(b). The model was exposed to the aerodynamic
heating for 3 seconds by injecting and retracting the model. The surface areas
having the higher heat transfer changed color from the original pink to blue
(first color change) and then olive (second color change). Regions of lower
heating changed only to blue and where the heating was very low the surface
remained pink. A region of higher heating is observed to cross the elevons
diagonally, near midchord of the elevon and this region is believed to be the
reattachment area. Examination of the measured heat transfer in figure 12(b)
or 13 for this same condition, a = MOO, shows that the chordwise point of
maximum heating on the elevons is similarly located. This point of maximum
heating moves toward the hinge line with increasing Reynolds number. The
increase in the level of heating on the elevon with Reynolds number suggests
that boundary-layer transition is occurring over the separated region and
reattachment is changing from laminar to turbulent. The increased level of
heating on the elevons with increased angle of attack is in about the same pro-
portion as the increase in heat transfer that occurs at this station with the
elevons not deflected. .

The extent of the separation on the lower surface caused by the elevons
being deflected downward can be seen by comparing the heat transfer at
x/e¢ = 0.750 for the deflected and undeflected conditions, figures 15 and 10.
Laminar separation is strongly suggested by the decrease in the heating rate
which occurred when the elevon was deflected downward. By comparing figures 15
and 10, laminar separation is indicated in a region in the center of the lower
surface at o = 40° with some indications at « = 30°. The span of the model
is less at this station (x/c = 0.750) than at the elevon station (x/c = 0.950)

10
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but the laminar separation is apparently confined to a center region of con-
siderably less span than that of the elevons. At the higher Reynolds number
(fig. 15(b)), similar regions of separation are shown at all three angles of
attack (20°, 30°, and 40°). At the highest Reynolds number (fig. 15(c)) the
heating at a = 30° indicates no laminar separation while at a = 20° and 40°
there is evidence of some laminar separation at x/c = 0.750. There is no
increase in the heat transfer to the lower surface which would indicate transi-
tion before separation. The chordwise distribution of heating along the center
line of the model with the elevons deflected 30° is presented in figure 16 and
s?ows that the laminar separated region does not extend much ahead of

x/c = 0.625.

The heat transfer measured on the elevons when they are set at -60° is
shown in the spanwise distributions for x/c =~ 0.950 plotted in figure 17.
The heating, as would be expected at this condition, is low, 5 percent or less
of the stagnation-point heating. Deflecting the elevons upward had no apparent
effect on the heat transfer to other lower surface stations as is shown by com-
paring the heating of figure 18 which is the distribution at x/c = 0.750 with
the elevon deflected upward, -60°, with the same conditions for the undeflected
elevon, figure 10.

The heat transfer to the upper surface of the elevons was not large,
usually less than about 2 percent of the stagnation-point heating. These quan-
tities are given in table IIT as the ratio of the measured heat-transfer coeffi-
cient to the stagnation-point heat-transfer coefficient.

Heat Transfer to Tip Fins

The heat transfer to the leading edge of the tip fin is apparently not a
great problem. The highest heat transfer measured on the tip~fin leading edge
was about 40 percent of the stagnation-point heating rate at a = 20° (see
fig. 11 or 12) and decreased at higher angles of attack. As mentioned previ-
ously, the tip-fin leading-edge heating rates are affected by lateral conduc-
tion; this effect was estimated to increase the heating rate by only about
15 percent. A further error may be caused by failure to locate the tip-fin
leading-edge thermocouple exactly on the stagnation line.

Additional measurements made at stations on and around the tip fins are
listed in table III (other than x/c ~ 0.950 which is plotted). Locations of
‘these measuring stations can be found in figure 3 and table II. Data for some
other thermocouple locations, for instance a few locations on the upper surface,
which are of less interest, are also given in table IIT.

CONCILUSIONS

A model of a manned lifting entry vehicle designated the HL-10 has been
tested at a Mach number of 8 and at three Reynolds numbers from 0.24 X 106 to
2.70 X 106 with three elevon angles, 0°, 30°, and -60°. From measurements of
the heat transfer to the configuration and comparison of these values with

ORI
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theoretical heating rates for a swept infinite cylinder of arbitrary cross
section, the following conclusions were obtained:

1. The heat transfer measured along the curved lower-surface center line
is in agreement with that calculated for the tangent infinite cylinder of
similar cross section for the range of local angles of attack from about 15°
to T0C°.

2. Considering the leading-edge segment to be an isolated cylinder results
in a prediction of heating which was about 20 percent to 50 percent greater
than the measured heating. The discrepancy is largest when the calculated
stagnation point is closest to the tangency point of the leading edge and flat
bottom surface.

3. Deflecting the elevons downward 30° causes laminar separation on the
lower surface and reattachment heating rates on the elevons which vary greatly
with Reynolds number. These heating rates may be greater than the stagnation-
point heating on the nose at some test conditions.

L, Deflecting the elevons upward -60° produced no change in heating to
the lower surface of the body adjacent to the elevons. Heating rates of less
than about 5 percent of the stagnation-point heating rate were measured on the
elevon,

5. The maximum heat transfer to the leading edge of the tip fins at an
angle of attack of 20° is probably not much more than L0 percent of the
stagnation-point heating rate on the nose, and at higher angles of attack, the
heating is much less.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., March 31, 196k,
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TABLE II.- THERMOCOUPLE LOCATIONS

Number

x/ec

Location
1 o | mme== | smeeaa Center line, nose
2 .031 Center line, upper surface
3 .062 Center line, upper surface
4 -125 Center line, upper surface
5 .188 Center line, upper surface
6 .031 Center line, lower surface
7 .062 Center line, lower surface
8 .125 Center line, lower surface
9 .188 Center line, lower surface
10 250 Center line, lower surface
11 .312 Center line, lower surface
12 375 Center line, lower surface
13 500 Center line, lower surface
14 625 Center line, lower surface
15 . 750 Center line, lower surface
16 .125 Lower surface
17 2125 Leading-edge surface
18 .125 Leading-edge surface
19 125 Upper surface
20 125 Upper surface
21 .125 Upper surface
22 .250 Lower surface
23 .250 Leading-edge surface
2L .250 Leading-edge surface
25 .250 Upper surface
26 .250 Upper surface
27 .250 Upper surface
28 .500 lower surface
29 500 Lower surface
30 500 Leading-edge surface
31 -500 Leading-edge surface
32 500 Upper surface
33 .500 Upper surface
34 .500 Upper surface
35 .750 Lower surface
36 .750 Lower surface
37 .750 Lower surface
38 .750 Iower surface
39 750 Leading~edge surface
Lo .750 Leading~edge surface
b1 .750 Upper surface
k2 750 Upper surface
43 375 Center line, upper surface
s .500 Upper surface
45 562 Upper surface
L6 .625 Upper surface
L7 687 Upper surface
L8 1.000 Center line, lower surface
Lo .969 Center line, lower surface
50, .938 Center line, lower surface
51 .938 Leading-edge surface
52 .938 Tip fin, outer surface
53 .938 Tip fin, outer surface
54 .938 Tip fin, inner surface
55 875 Tip fin, outer surface
56 875 Tip fin, outer surface
57 875 Tip fin, leading edge
58 .938 Tip fin, leading edge
59 ——— Center vertical tail
60 * Center vertical tail
61 —— Tip fin, inner surface
62 ————- Tip fin, leading edge
63 ——— ———— Tip fin, outer surface
64 1.267 0.230 Elevon, upper surface
65 ——— 1.267 486 Elevon, upper surface
66 ———— 1.267 LThh Elevon, upper surface
67 1.867 .25 Elevon, upper surface
68 1.867 497 Elevon, upper surface
69 1.867 .T48 Elevon, upper surface
70 —— 1.120 270 Elevon, lower surface
L [ 1.120 51k Elevon, lower surface
T2 ——— 1.120 .157 Elevon, lower surface
3 - 1.573 .25h Elevon, lower surface
Th ———— 1.573 .502 Elevon, lower surface
™ ——— 1.573 .752 Elevon, lower surface
76 2.027 .2k Elevon, lower surface
77 2.027 gl Elevon, lower surface
78 2.027 LT Elevon, lower surface
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(a) Bottom view.

(b) Top view. L-64-3055

Figure 2.- Photographs of HL-10 heat-transfer model.
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Figure 4.- Variation of heat transfer along center line for angles of attack from 20° to 60°.
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Figure 7.- Spanwise distribution of heat transfer at station x/c =

UNCLASSIFIED

D n/2

x/¢ =0.125

8/Dp

(a) Re = 0.2k x 105,

from 20° to 60°.

¥

Be = 0O.

N |,

UNCLASSIFIED

!
/’ T Isolated cylinder theory
/TR
7
ar \
1 1
- \
N A
Y
1 \ > Cross-flow theory
i —1 | Theory Exp. a, deg
AN /“M o
\ ---- 0
\1 g 40
} —_ 50
4 : N 60
L
/ L
i1
TV
i
1 \\
\
¢ k \\\
\ ?
b A
1
\
5
| \
v % AN 5;
\
RN
L) \\\
W N
Y )
0O
Lo»ller surface| Cylindrical leading edge \\D
Y 1.0 2.0 3.0

0.125 at angles of attack



UNCLASSIFID

- ——————

7 = —
\
\
\\ Dn/2
NuEn
N
P
/,’/ \\% \‘—-—Isolated cylinder theory
A S —\Ei ‘
.5 !
ke
AT
h/hg f\\ L\ \XJ Cross-flow theory
>/
R
\\ \ Theory Exp. a, deg
- \ T e
r R\ & 40
T — A 50
ol \\ hoo®
5 / \ )
B
g | [\
i
AN
.2 “\\\\\
B
\\ E§§§\
Ny
a 3\ \‘S\‘
\ ‘\§§§
LO‘fer SUTfaC‘F_Cylindrical leading edge N -0
. 1 NG
® o 1.0 2.0 3.0

s/Dy

(b) Re = 0.77 x 105,

Figure 7.~ Continued.

26 O "




\
\

\ Dy/2
i

NN
AN
A
g % T —1solated cylinder theory
.5 al
71 W
| |
ALY
b/h 4 L\ o
° IR
>// NERL
A \ == Cross-flow theory
\ \‘\ Theory Exp. @, deg
\ O 20
Ik === 0 3
VAL <& 40
| ) —- A %0
™ \\ \ |\ N 60
3 / u\ VI
21 N
I
{ R
1@ W
T
N
‘\
.2 i
T\
\
\ N
1 Y
\\\ \ @
\Y AN
\ A
1 \\ g
\ %
i ading edge O
Lolver surfacel r Cylindrical leading edg \
Ll 13
0
0 1.0 2.0
s/Dy

(¢) Re = 2.70 x 106,

Figure 7.- Concluded.

+ ST,

- UNCLASSIFIED

3.0

27



.68
W64 vain
\
o \
\
\
\
.56 )
\
52
\
W48 \
¢ T \:—-71501“&1 cylinder theory
/ T
%
40 // \ \
/ //v \\ Theory Exp. o, deg
| O 20
el / . \\ ---- 0
7 Al .3 &
A \ \ N &0
1
.32 va / : l“
o1 \
.28 % \. |
—_ _/ \ﬁ \ Croas-flow theory
wh, N ’/br*/ l
REEVEEE
.20 i | \
VR
16 / \\\ \\
// \\\\ \\ 3
.12 \ \\ \\
\
\
.osL \.‘\\ \\ N
\ %g
w\\ AN
o ‘Lc\.ulr lurflca. fz:::;i:;.‘—
° 1.0 2.0 1.0
s/Dy

(8) Re = 0.24 x 100,
Figure 8.- Spanwise distribution of heat transfer at station x/c

= 0.250 at angles of attack
from 20° to 60°. e = O°.

28

UNCLASSIFIED




—-————

e UNCLASSIFIED

.68
x/c =0.253
.64 o /2
\
0 \
\
\
.56 %\
.52 \
1
48 T
1"\ \
/ \
AR
“ L 1 tedl l'ld th
% Iscla cylinder theory
L
40 a2ty
¥
W
\
._\\\ ».,(‘\k \\\‘\ TheoryEép. u,zodeg
36 A / 2 \\\ S 20
= e —-% %
\ \;\ N &0
2324 il
AW
1 T
/ \ }\\\
.28 \ m
] \—‘ Cross—f‘loy theory
h/h T — A
’ \/“/ \(/\/ ‘»‘
A /@l " \
\
TN
Ll / N
.20 / \\ \\ ]
: \
VMY
T
\
.16 " A\
\
e \h
\
£ \\. \
.1 \ \E
A\l
\\\\ N \
.08 S
Y g
\
\ ~
\ NN
04
Cylindrical
[Lover surfece =1 cading edgo
00 1.0 2.0 3.0

s/Dy

(b) Re = 0.77 x 100.

Figure 8.~ Continued.

1. SONITE—

- UNCLASSIFIED

29



30

.56
.52 \
\
.48 \
\\ \
/
~bd ! \\ \
\
\‘_‘\_
Isolated cylinder theory
.40 1z
\
/: Theory Exp. deg
36 b \ ! O

.28

.20

.16

.12

.08

UNCLASSIFIED

ANREE—

10
AN
e%
[
|
To>O0Z
58583

=
E‘EE——-
Gl
3
@
£
(]
S
=
Q
>
<

II

N
I~
>

<Y A"V
A

N
1
s S

N/
\

71-

o
A

T~
=

g

C\\
AN

1.0 2.0 3.0
s/Dy,

(¢) Re = 2.70 x 106,

Figure 8.- Concluded.

DaliSammeeny

UNCLASSIFIED




UNC

LASSIFIED

dreeaiiiir
.52
4 x/c =0,500
.48 3
\
\
A \
\
.40 \
PN
FRi
Theory Exp. q, d
[N '—"ﬁ/ B\ \ O ¢ 20 8
- -——- O 30
// / \ \ & 40
.32 // \ —_—- éi 28
/N
.28 A7 \
" ANVAR\Y
h/ho / / /’ . \3\\‘ Isolated cylinder theory
.24 // 7 s
,ﬂ/ 7 \\ \
I —" /// // N \)
B e e - \\ \
i 74 !
\ i
.16 — / /
¢ e N\
i NEANANN
.12 < /, \ : \\<:?
e o P AN \\
I T NR BN
A \ \ Cross=flow
08 / theory Q :;
] — -
\ "N
Lo \ \ =
04 F \ N
\\
R Cylindrical _ )}
0 Lowef surfnce Teading edge] —1
0 .8 1.2 1.6 2.0 2.4 2.8 3.2 3.6
s/Dn
(2) Re = 0.24 x 106.

Figure 9.- Spanwise distribution of heat transfer at station x/c = 0.500 at angles of attack
from 200 to 60°. & = 0°.

3

CANPEPERTINR

UNCLASSIFIED

31




____LING| ASSIFIED

.52
\
.48 \
\ D, /2
oAby
\
40 \
|
36 \
! Theory Exp. a, deg
\ o 2
' == 30
& 40
.32 7 N < 40
: \\ N 60
/‘// / ~~
.28 o DA ‘\
/ \{\ v Isolated cylinder theor
h/h 17
° // // f \%E\ \
.24 4 \
"] y // i\ ‘\
AN
.20 > / ///\\ .\\ W
T = S 47 \
b T 71—’ / \\ \ \‘\f
16 /| £ \ \
a o,
S—1—T] - Gt \\
12 < : N
7L4L:D_ — > /’\\\ \
o | \ )Cross—flow\ \&
4 Y1 theory S
e L) O
W\ \ é
o /'O/\ NN
\\ N
\
- o Cylindrical |
0 LOY:E suﬁfnc leading edge A_i
0 o .8 1.2 1.6 2.0 2.4 2.8 3.2 3.6

s/D
n

(b) Re = 0.77 x 106.

Figure 9.- Continued.

STORTIENTE.

UNCLASSIFIED




.LB

40 |

+
\

' e INCLASS 12

.52

x/c =0.500

n

(¢) Re = 2.70 x 106.

Figure 9.~ Concluded.

Y

UNCLASSIFIED

\ Theory Exp. a, deg
\ e
.32 ///‘ﬁil ! &0
4 1\ R &
[N 60
.28 Pt — //// ‘\
/ // \6\ \)‘/‘\/ Isolated cylinder theory
\
" 14 \¥
! /1] W
.20 ,Z / lfr\ \ \\\\
impus S S 5>
/1N W
_——— ) Y
Sh—T ] // \ k\
.16 e 3
v /m o
111 7 s\
.12 /
\\ \\
//Bf_‘ Q] //-\\\ \ \ :\
“T—T7 g
OBEL‘// \\ \\ \\\ ;\
. Y NN
\ \-—Cross—floh\ :&
(=g theory AN
04D /'O/ \; \\ ™ g
. TN
N
e BB e
0 b .8 1.2 1.6 2.0 2.4 2.8 3.2
s/D

3.6

33



h/h
o]

34

40 1D /2

_UNCLASSIFIED

x/e = 0.750

n

44 HHA
4 |
—" ‘

.32

s
>

Theory Eép a,zgeg / / \§ \\

---- 0 30 / .\ .
24 -_— <A> 1;8 /& | e X}solﬁ;dor;yhnder

N 60 / : \@\)}
=a /ﬁ 7T
29 — / // N \
16 1/’—l // ‘;///
| (/ / /7 N\ \
1;- e Jﬁ{::::r—‘ - 7[‘/' ﬁ%
- R o \
X

' 1 4 N

\

= : B ' n
c [ i et S R A i S~ B AN Cross-flow theory |
' e N

T NN
2

< ;1 |Cylindrical ™
o Lou?r suffa.cel —l' Jesding edge\

0 A .8 1.2 1.6 2.0 2.4 2.8 3.2 3.6

s/Dn

(8) Re = 0.24 x 105.

Figure 10.- Spanwise distribution of heat transfer at station x/c = 0.750 at angles of attack
from 20° to 60°. & = 0°.

ST :

UNCLASSIFIED




n/b_

- UNCLAsg/FIep

A
x/c = 0.750
P
-40 | p,/2 . ﬁ f \\
A / \
\
\
.36
Y
.32 \
| s \
= \
.28 A \
Theory Exp. a, deg / / \
g 2 / Y \
oo 30 | Tsolated cylind
P9 I G- / / N ] ooy |
- & / / /’_">/\ \ix )
% 7
[1LA N0
K / \
x / : ‘\}
.1635—; | - [ /P K\\ ‘
a7 / A \l
/ )
- _ - L1 . -
12— | = — 7 7/ \ h
, I
/z\.{ / \,\A/D/ “\‘\\\m
08> O —»—(S/ﬂ// / ) \\\\\O
/ D/ \ Cross—flow \\A
- < ross-f
e . 9 2 NP SN
\\ \\
S S s ul \\\\
Cylindrical ~|
0 Lower srface ~}ieating cage-£]
0 A .8 1.2 1.6 2.0 2.4 2.8 3.2 3.6

s/D
n

(b) Re = 0.77 x 106,

Figure 10.- Continued.

e ] 35

UNCLASSIFIED



36

h/h

UNCLASSIFI:

l

D

n

(c¢) Re = 2.70 x 106.

Figure 10.- Concluded.

ORI Ekdeny

UNCLASSIFIED

x/c = 0-750
/\
.40 [Dy/2 ] ) ) \\
Q I
\
\
.36
y
\
8 \
‘\
.28. //& _ !
Theory Exp. a, deg
—--- 30
O 40 / /
% —- A 50 \“\ |
- IARER
4 |
/ T Tsolated
.20 / Q ]/ o A QX eylinder theory |
/ \
1] / / / /”"”1\ \\\
.16 At \
/ ( A A \
. -
i B O = G A B N
.124&__’ — \ ‘
D% : = E 3B
L+ : \\
008< — f\—-—/ ~ // v \
//E o \\ \A
3 Z S AN b
o T I M ok st = ___.__.7 - N, )(;Cross-flow
’ o | S \ theory
] _.—-———-‘1""0“"/ \\ \\
~ Cylindrical
Lowef surlface 9}_ leading edge-\-a:-}
0] A .8 1.2 1.6 2.0 2.4 2.8 3.2
s/D

3.6



D, /2

a, deg

30
40

\
7 >o0o0

xe/ce

O ».25
}J\ O .50
O =.75

h/ho

(a) Re = 0.24 x 106.

Figure 1l.- Spanwise distribution of heat transfer at station x/c =~ 0.950 at angles of attack
from 20° to 60°. B = 0°.

N |,

- UNCLASSIFIED

37



38

h/ho

- UNCLASSIFIZD
weumasmm— "

Dn/2

I

Elevon

a, deg
O 20
t% ] 30
/\ O 40
A 50
\ AN 60
\ xe/ce
/ O = ,25
O «.50
O *.75




h/ho

.6
.5
Xg/
A
| ﬁ O &.25
<«—— Elevon t O ¥ .50
I / O w75

UNCLASSIFIED

(¢) Re = 2.70 x 106.

Figure 11.- Concluded.

werTEE—— 39

UNGLAGSIFIED



D,/2

R
s N
TR

/
//f
5 P
h/ho ‘ i ] L
| /7
/]

%//

1<, Z;///g) Cj/, bé
- ~r Elevon - LR tip fin ‘}>
@ | [ Ay
0 1 2 3 4 5
s/Dn

(a) Re = 0.24 x 106.

Figure 12.- Spanwise distribution of heat transfer at station x/c ~ 0.950 for angles of attack of
200, 300, and 40°. B&e = 30°.

e

UNCLASSIFIZD




mmygﬂQLASS’g!rm

.9

.8

.7 i
T

.6

h/h,
.5
)3

o

A n_L i

/ q -
innANERNNA
L A\ /fﬂ\\

2 Jé/ Q \ﬁ \
o/ |/ R
d P ;[ -

.1 e / \
El — L.E. tip fin

¢ - evon I
0
0 1 ) : , :

s/Dn

(b) Be = 0.77 x 106.

Figure 12.- Continued.

GRS 4

 UNCLASSIFIED

41



UNMCLASSIFIED

Ly

1.1 // ’ D./2 - _ - Yf Ceﬂ
(4 .
Wi .
e
.9 4 s
ar.
| a, deg
juuss: E
o
.7 x/oq
O ©.25
— O .50
h/h, 0 =0
.6
.5
W
8PA /
T
1/ Wi
- 1 il
Pam\
A E{EA
O
E; Elevon L.E. tip Lfin \g
0 2
0 1 2 ; . :
s/Dp

42

(¢) BRe = 2.70 x 106.

Figure 12.- Concluded.

RN

UNCLASSIFIED




s

... ORCTASSIFIED

Re = 0.24 x 106 Re = 0.77 x 106 Re = 2.70 x 106
a = 4C° a = 40° a = 4C°
1.2
C‘\
O—4—]
1.0 i\
[0z N
\Q3
—
e & S
N
\%
h/h_ .6 o ’
[+
4 ag 3/Dy
[0 o 1lu
o 1.57
O 2.2
.2
3}
a = 3C° a = 3C° a = 3¢°
1.0
O
-8 [
o ~4
N%
.6 \%
b/h
o
y— | —
l—+0O
& T 13 od
)/‘
.2 ng //(
o
[«]
a = 200 a = 20° e = 2C°
A g
< 35
01 '\\ﬂ;
a O s ~1 M
2 < - A =
(-] —1 |_—+4-C
LT | o el | o1
Fit :
° 0 .2 4 ) .8 .2 4 .6 g .2 4 .6 .8
xe/ce xe/ce xe/ e
Figure 13.- Chordwise distribution of heat-transfer ratio on elevon. &g = 300°.

b3



UUNCLASSH™.D

‘00¢ = 29

"g0T X 09°0 = >4 pue
‘o0 = P 3B pPajlsa] T[epowm sSEIB-I8q1J pajuted Jo s9BuryD JIOTOD JO Wo9aNS - 4T aMmB1d

\~\ 2 \\ \.
%

a8usyy JOTO) 35T

e8uey) JOTOQ PUZ

o

UNCLASSIFIED




aedNCLASSIm1ry

x/c = 0.750 //////:7
Dn/.?. ) . ) ) T
N
S
24 <3x\\\
o L o
= AR
O 20
.20 8 %
O« TN
|
@ N\
a y
/
g % 1
.12 =
TS
?)/ / ! g
~
A N
o8 //F/ 5 Mo
O /’O
7 V
T O
.04 =
/V
¢ o ' | Cylindrical
7 Lowelr surlface Teal ing - odge
° 0 N .8 1.2 1.6 2.0 2.4 2.8 3.2 3.6
s/Dn

(a) Re = 0.2k x 106.

Figure 15.- Spanwise distribution of heat transfer at station x/c = 0.750 for angles of attack of
200, 300, and 40°, & = 30°.

GONDITINIIS- L5

~~ UNCLASSIFIED



< UNCLASSIFIZD

x/c = 0.750
{
S
.24
/“/'>'\
a, deg Q ’
'e) 20 /
-20 a 30
O 4o -
16 ) o N
/
/| A \
ya
h/n, / / é
.12 Lot—o
» /! v Io
~{
.08 // 7 / >
7| | A
L
| /
A e
] =
,/’/ IY/
1O = Cylindrical
. = Lﬁweziurleace ! 1ea41ng _edge
0 A .8 1.2 1.6 2.0 2.4 2.8 3.2 3.6
s/Dn
(b) Re = 0.77 x 106.
Figure 15.- Continued.
46 wiGlEERmemmpers

UNCLASSIFIED




- UNCLASSIFIFD

x/c = 0.750
Dy/2 <ﬁ

.24

.20

SO0
538
\l

.16

h/ho j . 4 \\
/

——

\\\
@)
|

.08

) . | O
CAVAmVZ :
o7 |77 /o ©

L O—
Eanl .
b /
04 o
/
1o Cylindrical
Lower surface { | leading ‘edge
° 0 A .8 1.2° 1.6 2.0 2.4 2.8 3.2
s/D

n

(c¢) Re = 2.70 x 106,

Figure 15.- Concluded.

« COMPEEENS

 UNCLASSIFIED




UNCLASSIFIED

. R

o . -

o

-1
Lo

jox}

—t
oo
W
[eNe NN )

ogQ

h/h

NS
FaN
N
L +—CO—T ]
B

"]
1

AL

N
. ln\ﬁi{k\
O—1_ o (o6
‘ 0 0.5 1.0

x/c

(a) Re = 0.24 x 105.

Figure 16.- Center-line distributions of heat transfer at angles of attack of 20°, 30°,

with elevon deflected 30°.

¢ GRMESRENNI

UNCLASSIF D

and L4o°©



h/h

UNCLASSIFIFD
@RLIRRRR R .

RN —f— . —
—4
.8
I c
7 a, deg
O 20
> 1
L
I
5
& U\
N,
TS
RN
15
AN
\ Kﬁ\z
. L \;\. oo
. ]\ﬂ\\ //)_.r—l.u_
DI gt Ko
° 0 0.5 1.0
x/c

(b) Re = 0.T7 x 10P.

Figure 16.- Continued.

WP

UNCLASSIF]

r

D

49



UNC! ASSIFIED

- (I

) Al

T

| S

K. 1%\ 5 Z
VT

L

>~
/"G‘j'

q 9\0\
DR
.1 . :l:ii\\:::>\\\\ ///
‘\]\é\/\/i,ﬂm
FO—_ 20
o .
0 0.5 1.0

(¢) Re = 2.70 x 106.

Figure 16.- Concluded.

i ORCTASSIFIED




UNCLASSIFI=n

Dn/2

6 O 40
O 50

Y O 60
xe/ce

5

LY O =.25

O =~ .50

\ O~ .75

h/h

Elevon |—m \O
.1 f 3 %\\
¢ L.E. tip fin \\
—3 4 )
0 == -
0 1 2 3 4 5

(a) Re = 0.24 x 106,

Figure 17.- Spanwise distribution of heat transfer at station x/c = 0.950 for angles of attack of
L4oo, 50°, and 60°. B = -60°.

ASNDESETEE, 51

UNCLASSIFIED



52

UNCLASSIFIED
wsniiaihchoiiniton,

Dn/2

a, deg
6 O 40
. O 50
O 60
xe/ce
o5
A = .25
O = ,50
g) =~ 75
b
o3

D— Elevon \\,\

o

.1 [ Q‘K\&\

S =~k L.E. tipfin%
. 5 f | =

o 1 2 3 4 5
s/Dn

(b) Re = 0.77 x 106.

Figure 17.- Continued.

SONAERRIEILL,

UNCLASSIFIED




h/h

- UNCLASSIFI=R

[N

Dn/2 _ )
; S
a, deg
O 40
a 28
D\ Xe/ C
\ & ~.25
I O =.50
O = .75
\
|
il
— é\\xi
2
Elevon »> Q\
g _'
U
®
Q@ L.E. tip fir\l \\
0 1 — 2 3 A 5
s/Dp

(¢) Re = 2.70 x 106.

Figure 17.- Concluded.

ik

© [NCULASSIFIED

53



UNCLASSIFIED

’ SRR T

x/c = 0.750
D,/2 ] )

o a, ‘Zgg / / :1\ 1
.28 g 50 i
O 60 \
) 17 iREnE
» / bai »\
h/h° //// / ]’ \&Q
20
\ -
16 ,;////Lj \ 1]
| B amy
. / 8
) //// \
/_/’ S\ N
o:\_;i l <§:::§§
| \
b

.04

. Cylindrical|

< Lowﬁr suﬁface leading edge l

¢ 0 A .8 1.2 1.6 2.0 2.4 2.8 3.2 3.6

s/Dn
(a) Re = 0.24 x 106.

Figure 18. - Spanwise distribution of heat transfer at station x/c = 0.750 for angles of attack of
40%, 500, and 60°. B = -60°.

5k o

UNCLASSIFIED




UNCLASS{!:;TD

x/c = 0.750

.32
a, deg
.28 O 40 N
0 50 /
& 60

.24 / /D\D&

HAEAN

0 Y

E4WaY \
h/h *\

o L
.16 P /D7
= \
/
I S ey %
.12 vé 8
\ \
L O
08 — S
¢ \ D
§
.04
B _ Cylindrical [ ,
. Lowelr surlface -~ ‘1ea(.iing ‘edge -—l
0 A .8 1.2 1.6 2.0 2.4 2.8 3.2
s/D

n

(b) Re = 0.77 x 100.

Figure 18.- Continued.

el

UNCLASSIFIED



56

h/h

UNCLASSIFIED

.

x/c = 0.750 ﬁ
Dn/2 ) ) _A
S
.32
a, deg
0] 40
.28 0 50 A
S &0 VAR
a
A
24 / \
/ / N,
H— %
.20 // [ o T To
v/\/ / \
‘ 1 / \
D>
.16 / \\
— )Y
12 0 //D‘ .
S e \
St
L
o+ |
08 =" \\\\ o
- ]
\\.
.04 0
BN Cylindrical
o Lowef surlfaw I—— Teading édge
0 A .8 1.2 1.6 2.0 2.4 2.8 3.2 3.6
S/Dn
(¢) Re = 2.70 x 106.
Figure 18.- Concluded.
HINCLASSIFIFD
SoRprmmes — NASA-Langley, 1964 Li=3986



COBEEENTIAL
UNCLASSIFIED

“The aeronautical and space activities of the United States shall be
conducted s0 as to contribate . . . to the expansion of buman knowl-
edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning ils activities and the results thereof.”

~—NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and technical information considered
important, complete, and a lasting contribution to existing knowledge.

TECHNICAL NOTES: Information less broad in scope but nevertheless
of importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distri-
bution because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Technical information generated in con-
‘nection with a NASA contract or grantand released under NASA auspices.

TECHNICAL TRANSLATIONS: Information published in a foreign
language considered to merit NASA distribution in English.

TECHNICAL REPRINTS: Information derived from NASA activities
and initially published in the form of journal articles.

SPECIAL PUBLICATIONS: Information derived from or of value to
NASA activities but not necessarily reporting the results -of individual
NASA-programmed scientific efforts. Publications include conference
proceedings, monographs, data compilations, handbooks, sourcebooks,
and special bibliographies.

Details on the availability of these publications may be obtained from:

NATIONAL AERONAUTICS AND SPACE ADMI
Washington, D.C. 20546

z

ISTRATION




